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Abstract 

We calculate single top-quark production at hadron colliders via 
the chromo-magnetic flavor-changing neutral current couplings icg 
and tug. We find that the strength for the anomalous icg (tug) cou- 
pling may be probed to k^/A = 0.092 TeV"^ (k„/A = 0.026 TeV"^) 
at the Tevatron with 2 fb"^ of data and kJA = 0.013 TeV"^ (k«/A = 
0.0061 TeV"^) at the LHC with 10 fb"^ of data. The two couplings 
may be distinguished by a comparision of the single top signal with 
the direct top and top decay signals for these couplings. 
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1 Introduction 



Since the discovery of the top quark at the Fermilab Tevatron there 
has been considerable interest in exploring the properties of the top quark. 
Its unusually large mass close to the electroweak symmetry-breaking scale 
makes it a good candidate for probing for physics beyond the Standard Model 
(SM) 0, and has also given rise to explorations of anomalous couplings of 
the top quark i, |, §. 

A distinctive set of anomalous interactions is given by the flavor-changing 
chromo-magnetic operators ||^, |^ : 

where A is the new physics scale, f = u or c, the kj define the strength of the 
tug or teg couplings, and is the gauge field tensor of the gluon. Although 
such interactions can be produced by higher order radiative corrections in 
the SM, the effect is too small to be observable [^]. Any signal indicating 
these types of couplings is therefore evidence of physics beyond the SM, and 
will shed more light on flavor physics in the top-quark sector. It has been 
suggested that couplings of this type may be large in some extensions to the 
standard model, especially in models with multiple Higgs doublets such as 
supersymmetry [H, pi ffO]. Models with new dynamical interactions of the 



'-gJa^'^-tG';, + h.c. , (1) 



top quark ||TT| and those in which the top quark is composite []T2| or has a 
soliton [jl3| structure could also give rise to the new couplings in Eq. (p. 

Currently, there only exist rather loose bounds on these anomalous cou- 
plings. The good agreement between the SM theory and experiments in 
top-quark production at the Fermilab Tevatron [|l| places a modest limit on 
the couplings in Eq. (|l|). By looking for signals from t ^ eg or ug decays 
the coupling parameters k//A can be constrained down to 0.43 TeV~^ with 
the existing Tevatron Run 1 data. 

In this paper, we examine the effect of these couplings on single top-quark 
production at the Tevatron and the CERN LHC There are four different 
subprocesses which lead to one top quark in the final state together with one 
associated jet. The identity of the associated jet depends upon the initial 
state of the system: 

qq^tc, gg^tc, cq{q)^tq{q), cg-^tg. (2) 

We also consider similar processes which replace the c quark with the u 
quark, as well as similar processes for single anti-top quark production. The 
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advantage of this class of events is the unique production mechanism and the 
distinctive final state kinematics over the SM backgrounds. 

The effect of the anomalous teg coupling on single top quark production 
via the qq process in Eq. (||) at the Tevatron has been studied in Ref. |T^. It 



was found that /tc/A can be measured to 0.4 TeV~^ with the existing Tevatron 
data, comparable to the limit obtained by the anomalous top decay processes 
Q mentioned earlier. We find, however, that the other processes in Eq. (H) 
are also important, especially at higher energies. This is particularly true for 
the case of k„/A. 

This paper is organized as follows. In Sec. 2, we discuss the signal and 
background calculations. We also study a set of acceptance cuts to optimize 
the signal observability. In Sec. 3, we discuss our results and related issues, 
and make some concluding remarks. 



2 Signal and Background Calculations 

We calculate the tree level cross sections for single top (or anti-top) quark 
production of Eq. (^) at hadron colliders using the flavor-changing chromo- 
magnetic couplings in Eq. (|l]). For completeness, we study the following 
collider parameters for the center-of-mass energy and integrated luminosity: 







E,^ (TeV) 


C (fb-i 


Tevatron 


Run 1 


1.8 


0.1 




Run 2 


2 


2 




Run 3 


2 


30 


LHC 




14 


10 



As for the final state signature, while the t eg ot ug decay will occur 
due to the anomalous couplings in Eq. (|l]), the branching ratio becomes 
negligible when k//A is less than about 0.2 TeV~^. For this reason, and 
since the top-quark decay t bW Mug is easier to identify than the pure 
hadronic mode, we will choose as the search mode for the signal 

pp^t + j^ biui + j , (3) 

where j is a light parton jet and i = e, fi. We assume that the top quark is 
on mass shell when we calculate the decay process, but the spin correlation 
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effects are fully incorporated. In determining the branching ratio of t — Wb, 
we have properly included the contribution from t ^ eg or ug. This term 
is proportional to |K//Ap and it only appreciably affects the branching ratio 
if /A ^ 0.2 TeV"^ The calculated cross sections are shown in Fig. |I| as a 
function of K//A, for the Fermilab Tevatron {pp at the center of mass energy 
= 1.8 TeV) and for the CERN LHC {pp at = 14 TeV), using the 



MRSA structure functions Results for the Tevatron at 2 TeV are nearly 
indistinguishable from the cross sections shown here for 1.8 TeV. 

In order to simulate the detector effects in identifying the signal, we 
made a series of standard cuts on the transverse momentum pj,, the missing 
transverse momentum resulting from the neutrino ^j,, pseudorapidity r], and 
the jet (lepton) separation A_R. We call these the "basic cuts" : 

PTb,PTj,PThi>T ^ 15 GeV , (4) 
Vb^Vj^Vi < 2.5, (5) 
ARjj,ARji > 0.4. (6) 

To be more realistic, we also assume a Gaussian smearing of the energy 
deposited in calorimeters, given by: 



AE/E = 30%/VE © 1%, for leptons , (7) 
= 80%/ Ve © 5%, for hadrons , (8) 

where © indicates that the two terms are added in quadrature. 

The major source of background to signal production in Eq. (]^) is 

pp^W + jj , (9) 

where the jets are light quarks or gluons. An effective way to reduce the 
background is to employ 6-tagging. We take a 6-tagging efficiency of 36% 
at Run 1 of the Tevatron, and 60% at Runs 2 and 3 and at the LHC. We 
also assume that 1% of non-6 quarks would be misidentified as b quarks in 
all of the experiments, which gives a suppression of the W + jj background 
by a factor of ~ 50. Other significant backgrounds are standard model single 
top quark production where one light quark accompanies the top quark in 
the final state [^], and standard model Wbb production. Backgrounds with 
two b quarks in the final state will mimic our signal if one of the b quarks is 
missed by the b tag. 
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We used the VECBOS Monte Carlo to calculate the cross sections for 
the Wjj and Wbb backgrounds. We made two modifications to the VECBOS 
code. First, we added a routine to calculate some of the kinematic distribu- 
tions, as described below, that we found to be very helpful for background 
suppression. Second, since our signal process involves one b quark in the final 
state, 6-tagging was crucial in eliminating the Wjj background; we modified 
the code to randomly choose one of the jets to be mis-identified as a 6-jet 
(with probability of 1%). For the calculation of the standard model single 
top processes bq — > tq and qq tb we used our own monte carlo routine 



To further enhance the signal relative to the Wjj and Wbb backgrounds, 
we imposed a constraint on M^vy, the invariant mass of the W and b quark, 
which should be peaked at nit for the signal. To experimentally determine 
Mbvy, one must reconstruct pt = Pb + Pi + Pur The neutrino is not observed, 
but its transverse momentum can be deduced from the missing transverse 
momentum. The longitudinal component of the neutrino momentum is de- 
termined by setting Mi^^ = M^y, and is given by: 



where 



_ XPL±^JP?iX^-PTlPTu,) 

Pl - -2 > UUj 

Pti 

/lf2 

X = ^+P^P?, (11) 

and Pl refers to the longitudinal momentum. Note that there is a two fold 
ambiguity in this determination. We chose the solution in which Mbw is 
closer to the mass of the top quark. This process artificially inserts a broad 
peak in the background at Mbw = rrit, but since the signal peak is much 
sharper, the M^w distribution is still an effective variable to use to increase 
the signal-to-background ratio. 

To find a way to further isolate the signal from the background, we ex- 
amined the kinematic distributions in M^wi Pti Vi ^^id Ai?. Three of 
the variables, M^vf, Pn-i and ARjj, are especially useful for significantly sup- 
pressing the background and therefore improving the discovery limit for the 
K//A. Just as Mf,w has a peak near for the signal, pxb develops its Jaco- 



bian peak near ^mt\Jl — My^/rn^. Furthermore, ^Rjj reaches a peak near 
vr for the signal since the two jets are largely back-to-back. To effectively 
reduce the background versus the signal we applied the additional cuts for 
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the Tevatron Run 1 



150 GeV < MfeH/< 200 GeV, (12) 
PTb > 35 GeV, (13) 
/\Rjj > 1.0, /\Rij > 0.4. (14) 

The distributions for these variables are shown for Run 1 in Figs. after 
the cuts in Eqs. (H)-(^ and (|12|)-(|H|) are apphed. For Run 2 and Run 3 and 
for the LHC, the signal-to-background ratio can be improved by changing 
the cuts in Eqs. (|T2|)-(|T3|). The optimized cuts for each collider option are 



shown in Table |I|. The cross sections for the signal and background channels 
after all cuts are shown in Table 



In Ref. anomalous single top quark production was studied through 
only one channel, qq — > tc. As Table ^ shows, this is the least important 
of all of the channels in Eq. (j^). While it would seem that the presence of 
initial state valence quarks ought to make this the dominant process, the 
massless t-channel exchange of a gluon in the eg —>■ tg process more than 
makes up for the lack of initial state valence quarks, and it becomes the most 
important process. Each of the other processes, cq tq and gg — > tc, also 
have massless, or nearly massless, t-channel exchanges which increase their 



parton cross sections. We also note that in Ref. |T3 a cut on the center of 
mass energy, > 300 GeV, was imposed for the purpose of reducing the 
background relative to the signal. Because of the dominance of the massless 
t-channel exchanges, the parton cross section is peaked at lower values of 
when all of the processes in Eq. (H) are included. Hence, the a/I cut is not 
useful in our calculation as it will reduce the signal drastically. 



3 Discussion and Summary 

We may use the results of the signal and background calculation to deter- 
mine the minimum values of Kc/A and k^/A that can be observed at hadron 
colliders. We use the criterion that Ns > Sy/Ns + Nb approximately cor- 
responding to a 95% confidence level, where Ns and Nb are the number of 
signal and background events, respectively. Since the signal is quadratic in 
K//A and we have calculated the signal for /t//A = 0.2 TeV~^, the minimum 
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value of Kj/A is then given by 



-[- = 0.2 TeV"^ 
A 

where £ is the integrated luminosity, as is the total cross section for all of 
the background processes, and uo is the cross section for the signal processes 
evaluated at Hf/A = 0.2 TeV~^. The discovery limits, calculated using the 
basic cuts, the optimized cuts in Table |l|, and 6-tagging, are shown in Table |^. 

A search for direct top quark production (where the top quark is the 
only particle in the final state of the parton process) will also place a limit 
on the size of k//A [0. This process relies on its rare signature and on the 
large fraction of gluons in the initial state to boost its signal relative to the 
background. The up quark operator in Eq. (|Tp has the additional bonus 
that the initial state quark is a valence quark. With 6-tagging (of the top 
quark decay products), direct top quark production provides nearly ideal 
conditions for measuring the anomalous coupling parameters. Using this 
process, Kc/A (k^/A) can be measured down to .062 TeV~^ (.019 TeV~^) at 
Run 2 of the Tevatron with 2 fb~^ integrated luminosity, and to .0084 TeV~^ 
(.0033 TeV~^) at the LHC with 10 fb~^ integrated luminosity. Thus direct 
top production provides a second, independent measurement of these anoma- 
lous couplings. 

The c and u quarks have, so far, been treated as if only one of the couplings 
exists at a time. If the two anomalous couplings co-exist, we may simply 
add the cross sections of the two different couplings together, since we have 
treated them in exactly the same manner. A plot of their discovery limits, 
when considered together, is shown in Fig. ^. 

If a signal is seen, how can we determine if it is due to icg, tug, or perhaps 
a mixture of the two? If the c or m quark is in the final state, then charm 
tagging could in principle distinguish between the two couplings. However, 
the signal processes in which this occurs (i.e., the single top processes qq — >■ 
tc, tu and gg tc, tu, and the anomalous top decays t eg, ug) have smaller 
cross sections than the signal processes where the c or m quark is in the initial 
state (the single top processes cq, uq — > tq and gc, gu — > gt, and the direct top 
processes gc, gu ^ t). Furthermore, the efficiency for charm-quark tagging is 
expected to be low compared to 6-quark tagging. Therefore it will be difficult 
to distinguish the icg and tug couplings with charm tagging. 

Another possibility is to compare the relative size (after all the cuts and 



1 + -^CaB) 



(15) 
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6-tagging) of the anomalous single top cross section agt, the direct top cross 
section adt [0, and the tt production cross section when the t (t) undergoes 
an anomalous decay into eg (eg) or ug (ug), aatt |0- For example, at the 
Tevatron Run 2 for Kc/A = 0.2 TeV~^ these cross sections are ast = 154 fb, 
adt = 281 fb, and aatt = 6 fb, while for Ku/A = 0.2 TeV"^ they are ast = 
1976 fb, adt = 2990 fb, and aatt = 6 fb. The ratios a ^t/ aatt and adt/ aatt 
are much larger for the tug coupling than for teg. Also, agt/adt is somewhat 
larger for the tug coupling than for teg. Hence, a comparison of two or more 
of these signals may help determine whether the anomalous coupling is teg, 
tug, or a mixture of the two. 

In summary, we calculated the single top-quark production at hadron 
colliders via the chromo-magnetic flavor-changing neutral current couplings 
teg and tug. We find that the strength for the anomalous coupling teg may 
be probed to Kc/A = 0.092 TeV~^ at the Tevatron with 2 fb~^ of data at 
2 TeV and kJK = 0.013 TeV"^ at the LHC with 10 fb"^ of data at 14 TeV. 
Similarly, the anomalous coupling tug may be probed to k^/A = 0.026 TeV~^ 
at the Tevatron and k^/A = 0.0061 TeV~^ at the LHC. Assuming k^. = 1 
= 1), the scale of new physics A can be probed to 11 TeV (38 TeV) at 
the Tevatron and to 77 TeV (164 TeV) at the LHC. 
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Table 1: Optimized cuts for the discovery of ^ with single top quark 
production for several collider options. 





Mbw,m.in 


MbW,max 


PTb,min 






Tevatron Run 1 


150 


GeV 


200 


GeV 


35 


GeV 


1.0 


0.4 


Tevatron Run 2 


150 


GeV 


200 


GeV 


35 


GeV 


1.5 


1.5 


Tevatron Run 3 


150 


GeV 


200 


GeV 


35 


GeV 


1.5 


1.5 


LHC 


145 


GeV 


205 


GeV 


35 


GeV 


1.5 


1.0 



Table 2: Cross sections in fb for the individual signal (with k//A = 
0.2 TeV~^) and background channels after the cuts in Eqs. and in Ta- 

ble 1^ are employed. Cross sections after 6-tagging are shown in parentheses. 
The signal values scale quadratically for nj/A^ 0.2 TeV~^. 



teg 




Run 1 


Runs 2 & 3 




LHC 


qq^ 


tc 


23 


(8) 


15 


(9) 


200 


(120) 


99 


tc 


87 


(32) 


76 


(45) 


15200 


(9090) 


cq 


tq 


56 


(20) 


52 


(31) 


4087 


(2450) 


eg 


t9 


130 


(47) 


115 


(69) 


21150 


(12650) 


Total 




296 


(107) 


258 


(154) 


40460 


(24310) 


tug 




Run 1 


Runs 2 & 3 




LHC 


qq^ 


tu 


23 


(8) 


15 


(9) 


200 


(120) 


99 


tu 


87 


(32) 


76 


(45) 


15200 


(9090) 


uq 


tq 


1005 


(365) 


832 


(498) 


24760 


(14810) 


ug ^ 


t9 


3025 


(1097) 


2381 


(1424) 


146200 


(87430) 



Total 4140 (1502) 3304 (1976) 186360 (111450) 



SM background Run 1 Runs 2 & 3 LHC 



bq — > tq 


156 


(57) 


149 


(89) 


14570 


(8710) 


qq tb 


42 


(19) 


29 


(14) 


390 


(190) 


Wbb 


62 


(29) 


13 


(6) 


160 


(80) 


Wjj 


7616 


(151) 


2270 


(45) 


97370 


(1930) 


Total 


7876 


(256) 


2461 


(154) 


112490 


(10910) 



11 



Table 3: The discovery limits on Kc/ and /t^/A for each of the coUider 
options discussed in the text. In both the charm and up quark cases, we 
assumed that the coupling of the other type did not exist. 





Run 1 


Tevatron 
Run 2 


Run 3 


LHC 


Ecm (TeV) 


1.8 


2.0 


2.0 


14.0 


C (fb-') 


.1 


2 


30 


10 


kJK (TeV-') 


.31 


.092 


.046 


.013 


hJX (TeV-^) 


.082 


.026 


.013 


.0061 
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1.00E + 07 
1.00E + 06 
1.00E + 05 
1.00E + 04 
1.00E + 03 
1.00E + 02 
1.00E + 01 
1.00E + 00 
1.00E-01 b 



0.001 




—I 1 1 — I— 



—I 1 1 — I— 



—I 1 1 — I— 



0.010 0.100 1.000 

/c/A (TeV-i) 



Figure 1: Cross sections for single top-quark production pp{p) —>■ tj versus 
Kf/A. at the Tevatron and LHC. The solid and short dashed hnes are for 
the teg and tug coupling at the Tevatron, respectively. The long dashed and 
dash-dotted lines are at the LHC. 
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MbW 

Figure 2: Distributions for M^w, in fb/GeV, after the cuts in Eqs. (0)-® 
and ([T^ ) -([T^ ) and 6-tagging at the Tevatron Run 1. The sohd hne represents 
the sum of all of the background processes, the long dashed line is the sum 
of the up-quark signal processes, and the short dashed line is the sum of the 
charm-quark signal processes, with kj/A = 0.2 TeV~^. 
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Figure 3: Distributions for prpb, in fb/GeV, after the cuts in Eqs. (0)-® 
and ([T^ ) -([T^ ) and 6-tagging at the Tevatron Run 1. The sohd hne represents 
the sum of all of the background processes, the long dashed line is the sum 
of the up-quark signal processes, and the short dashed line is the sum of the 
charm-quark signal processes, with kj/A = 0.2 TeV~^. 
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Figure 4: Distributions for ARjj, in fb per unit ^Rjj, after the cuts in 
Eqs. d)-® and (|T|)-(|l5) and 6-tagging at the Tevatron Run 1. The sohd 
hne represents the sum of all of the background processes, the long dashed 
line is the sum of the up-quark signal processes, and the short dashed line is 
the sum of the charm-quark signal processes, with k//A = 0.2 TeV~^. 
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Figure 5: Distributions for ARji, in fb per unit ARji, after the cuts in 
Eqs. d)-® and (|T|)-(|lD and ^^tagging at the Tevatron Run 1. The sohd 
hne represents the sum of all of the background processes, the long dashed 
line is the sum of the up-quark signal processes, and the short dashed line is 
the sum of the charm-quark signal processes, with k//A = 0.2 TeV~^. 
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Figure 6: Discovery limits for k^/A versus k„/A for each of the colhder 
options considered. The sohd, short dashed, and long dashed lines are at 
Runs 1, 2, and 3 at the Tevatron respectively. The dash-dotted line is at the 
LHC. 
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